ABSTRACT In higher plants, sugars are nutrients and important signal molecules. Sugar transporters (STs) facilitate sugar transport across membranes and are associated with loading and unloading of the conducting complex. Strawberry (Fragaria ×ananassa Duchesne ex Rozier) is one of the most economically important and widely cultivated fruit crop and a model plant among fleshy fruits worldwide. In this study, 66 woodland strawberry (F. vesca L.) ST (FvST) genes were identified and further classified into eight distinct subfamilies in the woodland strawberry genome based on the phylogenetic analysis. In the promoter sequences of FvST gene families, a search for cis-regulatory elements suggested that some of them might probably be regulated by plant hormones (e.g., salicylic acid, abscisic acid, and auxin), abiotic (e.g., drought, excessive cold, and light), and biotic stress factors. Exon-intron analysis showed that each subfamily manifested closely associated gene architectural features based on similar number or length of exons. Moreover, to comprehend the potential evolution mechanism of FvST gene family, the analysis of genome duplication events was performed. The segmental and tandem duplication analysis elucidated that some of ST genes arose through whole-genome duplication (WGD) or segmental duplication, accompanied by tandem duplications. The expression analysis of 24 FvST genes in vegetative and during fruit development has shown that the expression of several ST genes was tissue and developmental stage specific. Generally, our findings are important in understanding of the allocation of photo assimilates from source to sink cell and provide insights into the genomic organization and expression profiling of FvST gene families in woodland strawberry.
I
n higher plants, sugars (e.g., monosaccharides, sucrose, and polyol) not only provide energy sources and skeleton molecules indispensable for plant growth and development but also act as signaling molecules throughout the physiological process and corresponding environmental stress responses (Ramon et al., 2008) . Apart from sucrose, monosaccharides (e.g., glucose, fructose, mannose, ribose, and galactose) are the prevailing sugars in fleshy fruits as the main source of energy and metabolites (Rai and Shekhawat, 2014) . Two classes of carbohydrates related to sugars play complementary roles in plant growth and development. Sugar alcohols (also called polyols), such as mannitol, sorbitol, inositol, and organic acids (e.g., citrate and malate), have diversity in their functions typically symptomatic of a distinct clade of plants. Sugar transporters facilitate sugar transport across membranes and are associated with the loading and unloading of the conducting complex (Kühn, 2003; Büttner, 2007; JuchauxCachau et al., 2007; Kühn and Grof, 2010) . In previous report, most STs exist a typical structural feature with 12 putative transmembrane helices and 11 loops, and several ST genes have been isolated from different species, for instance, seven hexose transporters in grapevine (Vitis vinifera L.) (Vignault et al., 2005; Hayes and Dry, 2007) , two hexose transporters in walnut (Juglans regia L.) (Decourteix et al., 2008) , and few polyols from sour cherry (Prunus cerasus L.) (Gao et al., 2003) , olive (Olea europaea L.) (Conde et al., 2006) , and apple (Malus domestica Borkh.) (Watari et al., 2004) . The whole-genome sequence of Arabidopsis thaliana (L.) Heynh. possesses nine sucrose-transporter (SUT)-like sequences and 53 monosaccharaide (MST)-like members were further grouped into seven distinct subfamilies (Büttner, 2010; Gong et al., 2015) . Moreover, grapevine contains four SUTlike sequences and 59 MST-like members (Afoufa-Bastien et al., 2010) , while rice (Oryza sativa L.) contains five SUTlike sequences and 65 MST-like members (Aoki et al., 2003; Johnson and Thomas, 2007) , indicating their occurrence in a wide variety of plant kingdom. Based on the evolutionary analysis, the result showed that these seven subfamilies are ancient in plants (Johnson et al., 2006) . In addition, a novel ST family, SWEET (Sugars Will Eventually Be Exported Transporter), was identified that can transport sucrose, glucose, or fructose and are concerned in sugar storage, loading, and nectar production (Chen et al., 2010 (Chen et al., , 2012 . Because of its seven transmembrane domains, the SWEET family has been reported to belong to a different superfamily (Chen et al., 2010) . However, because of its relative novelty and these differences, the SWEET transporter family will not be included in this study.
Strawberry, a member of Rosaceae family, is an emerging model plant because of its smaller genome size (<240 Mb), diploidy (2n = 14), short life cycle, small stature, and easy transformation (Shulaev et al., 2011) . Sugar content is regarded as an important factor affecting strawberry fruit quality to a large extent in terms of both nutrition and economy. Therefore, the increase in sugar content is directly related to improvement of fruit quality. Unfortunately, most previous studies have just focused on sugar content quantification (Ogiwara et al., 1996; Funatsu et al., 2004; Sone et al., 2009) , and the study of sugar-related genes in strawberry has been poorly explored (AfoufaBastien et al., 2010; Li et al., 2012) . In the present study, a genome-wide characterization of putative genes encoding strawberry SUTs was performed, together with phylogenetic, structural, and evolutionary analysis. Moreover, the gene expression levels of source (leaf) and sink (fruit, flower, and root) tissues and the gene-expression patterns during fruit development were also profiled. The findings of the current investigations will unveil the function of these ST genes in determining strawberry fruit quality and provide valuable gene information to realize the genetic improvement of strawberry. The obtained results will serve as a reference of sugar regulation mechanism and quality improvement for other Rosaceae family species.
MATERIALS AND METHODS

Fruit Collection
The strawberry [F. vesca L. subsp. bracteata (A. Heller) Staudt] plants were used as experimental material and grown under the standard field conditions at the Nanjing Agricultural University Farm, Nanjing, China. The experiment was designed as randomized complete block design where 36 number of plants were screened for homogeniety in their age and size. The fruit samples were harvested at 3, 5, 8, 11, 16, and 20 d after flowering (DAF) . A total of 20 fruits were collected from six different strawberry plants for sampling at each stage. Furthermore, 20 fruits were divided into three biological replications each containing at least six fruits. Additionally, leaves, stems, roots and flowers were also collected. All samples were rapidly frozen in liquid nitrogen and kept at −80°C until use.
Total RNA Extraction and Complementary DNA Library Construction Total RNA was extracted from strawberry samples using CTAB method briefly described by Jiu et al. (2016) . The concentration of total RNA was quantified by using NanoDrop (Thermo Scientific) ND-1000 spectrophotometer and quality was estimated by electrophoresis in agarose gel. To avoid genomic DNA contamination, RNA samples were digested with DNase I (TaKaRa). Afterward, cDNA libraries were constructed with 1.5 μg of RNA samples following the manufacturer's protocol (Revert Aid First Strand cDNA synthesis kit, Fermentas).
Quantification of Sugar Concentrations in Strawberry Fruits
All the fruit samples were further used for estimation of soluble sugar concentrations, which was performed by using gas chromatography method (Yu et al., 2012) . Starch in these samples was determined using the anthrone method (López et al., 2002) . The absorbance was determined at 630 nm in a digital spectrophotometer as described in López et al. (2002) . Three independent replicates were employed for each sample analysis.
Identification of Strawberry Sugar Transporter Genes
The candidate genes encoding strawberry STs were retrieved by searching BLASTp against the GDR (Genome Database for Rosaceae; https://www.rosaceae. org/) using Arabidopsis ST proteins as queries and E-value was set 1 × 10 −7 as threshold. Moreover, we also searched their corresponding sequences in a BLAST tool against strawberry expressed sequence tag database using National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/) to verify their accuracy and reproducibility in strawberry. A predicted gene with length >300 bp and identity score >98% in the expressed sequence tags of the strawberry genome was deliberated as expressed. The Arabidopsis ST genes identifiers were obtained from the previous study (Reuscher et al., 2014) , and corresponding protein sequences were retrieved from TAIR (The Arabidopsis Information Resource; http://www.Arabidopsis.org/) (Swarbreck et al., 2008) .
Multiple Sequence Alignments and Phylogenetic Analysis
Multiple alignments of the nucleotide sequences were performed using CLUSTAL program with default parameters. The phylogenetic analysis was accomplished using MEGA (6.0) via the neighbor-joining (NJ) method and bootstrap tests replicated 100 time (Tamura et al., 2013) . Moreover, the estimation of subcellular localization of candidate genes was performed using WoLF PSORT version of PSORT II (http://wolfpsort.org/) (Horton et al., 2007) and TargetP (http://www.cbs.dtu.dk/services/TargetP) software (Emanuelsson et al., 2000) .
Conserved Motifs, and Exon-Intron Organization of Sugar Transporter Genes
The ST protein sequences were analyzed by the MEME program (http://meme-suite.org/info/status?service=MEME&i d=appMEME_4.11.214675370973411017782002) described by Bailey and Elkan (1994) to confirm the conserved motifs. MEME was employed using the following parameters: number of repetitions, any; optimum width, 15 to 60; and maximum number of motifs, 10. The results were generated as a text file. Finally, the iTOL (interactive tree of life) program (http://itol.embl.de/other_trees.shtml) was used to integrate the phylogenetic and structural tree (Letunic and Bork, 2011) . Furthermore, the ~2 kb region upstream of the start codon for each gene was considered as the promoter sequence (Jiu et al., 2015; Li et al., 2015) . Promoter sequences of ST family genes were obtained from the Phytozome v11.0 (https://phytozome.jgi.doe.gov/pz/portal.html) in this study. The cis-elements of promoters were identified by PlantCARE (http://bioinformatics.psb.ugent.be/webtools/ plantcare/html/) (Lescot et al., 2002) . The gene structure display server 2.0 (GSDS, http://gsds.cbi.pku.edu.cn) (Hu et al., 2015) was used to illustrate exon and intron organization for individual ST genes by comparison of the cDNAs with their corresponding genomic DNA sequences from the strawberry genome database website (https://www.rosaceae. org/organism/Fragaria/vesca).
Chromosomal Localization and Collinearity Analyses
Strawberry ST genes were mapped to chromosomes by identifying their chromosomal locations based on information available at the strawberry genome database website (https://www.rosaceae.org/organism/Fragaria/vesca). The duplication pattern for each FvST gene was analyzed in this study. In brief, the 32,831 protein-coding genes from the strawberry genomic database were analyzed using an all-vs-all local BLAST search with E-value < 1E-5. The BLAST search outputs were imported into MCScanX software (http://chibba.pgml.uga.edu/mcscan2/) and 32,831 protein-coding genes were classified into various types of duplications including tandem, WGD, segmental, dispersed and proximal under a default criterion (Wang et al., 2012) . For synteny analysis, synteny blocks within the strawberry genome visualized using Circos (http://circos.ca/) (Krzywinski et al., 2009) . If the pairs of genes were on the two segmental loci and are collinear gene pairs, we considered the gene pairs as segmental duplication gene pairs.
Expression Analysis of Strawberry Sugar Transporter Genes
The normalized expression values in several tissues were retrieved from the RNA-sequencing database (Kang et al., 2013) . The primers used for amplifying 24 ST genes, designed by using Primer 5 software (http://www.premierbiosoft.com/), are listed in Supplemental Table S1 . All primer pairs were screened by polymerase chain reaction (PCR). The expression analysis was carried out by quantitative reverse-transcription PCR (qRT-PCR) assay using an ABI 7500 real-time system (Applied Biosystems) Each PCR mixture (20 μL) contained 10 μL of 2× SYBR GREEN I Master , 1 μL of diluted cDNA, 0.4 μL of each primer, and 8.2 μL of nuclease-free water. The qRT-PCR conditions were as follows: preincubation at 95°C for 10 min and then 40 cycles of 94°C for 15 s, 60°C for 30 s, 72°C for 30 s, with a final, extension at 72°C for 3 min, and reading the plate for fluorescence data collection at 60°C. A melting curve was performed from 60 to 95°C to check the specificity to the amplified product. Finally, the average threshold cycle was calculated per sample; Fragaria MSI1 was used as the internal control, and the relative expression values were calculated with the 2 −∆∆CT method described by Mouhu et al. (2009) . The lowest expression values of the samples were manually set to 1.
Statistical Analysis
The experiment was arranged in a completely randomized design with three replications. Standard errors in individual determinations were calculated. The data obtained were analyzed by a two-way ANOVA and all means were separated at the P < 0.05 level using the LSD test. The correlation analysis between carbohydrates (sucrose, glucose, fructose, sorbitol, and starch) and relative expression of 24 FvST genes were performed using the software SPSS 18.0 (SPSS Inc., 2009) . with the following sets: correlate, bivariate correlations; correlation coefficients, Pearson correlation; test of significance, two-tailed; flag significant correlations; options, set to the default.
RESULTS
Soluble Sugars and Starch Concentrations during Strawberry Fruit Expansion Stage
As shown in Fig. 1 , the rate of accumulation of sucrose was increased slightly from 3 DAF to 8 DAF, then increased rapidly from 8 DAF to 11 DAF, afterward decreased slightly from 11 DAF to 16 DAF, and finally reached at the highest level at 20 DAF. Additionally, the concentrations of glucose, fructose, and sorbitol exhibited consistent increasing trend as the fruit mature, and sucrose concentration was higher than other soluble sugars (glucose, fructose, and sorbitol) during strawberry fruit development.
Overall, sucrose is the main sugar accumulated during strawberry fruit development. Furthermore, starch concentration was increased slightly decreased from 3 DAF to 8 DAF, afterward decreased gradually, and finally reached at lowest level of starch concentration at 20 DAF.
Identification and Construction of the Phylogenetic Tree of the Sugar Transporter Gene Family in Strawberry
A BLASTp search was implemented against the strawberry genome using Arabidopsis ST proteins as queries to perceive putative genes encoding the ST. In total, 66 genes encoding ST proteins were identified in the strawberry (Table 1 ). The 66 full-length strawberry ST proteins varied from 303 (FvSFP3) to 1779 (FvpGlcT3) amino acid residues and the number of transmembrane domains ranged from six (FvSFP5) to 22 (FvVGT1). To characterize the evolutionary relationships of ST genes family, a NJ tree was created (Fig. 2 ). Phylogenetic analysis of the 66 identified genes showed that STs could be categorized into eight different subfamilies based on the Arabidopsis ST sequences (the phylogenetic tree that contained the STs of strawberry and Arabidopsis is shown in Supplemental  Fig. S1 ). The vacuolar glucose transporter (VGT) subfamily only contains two members, whereas, the sugar transporter protein (STP) subfamily was the most represented with 24 members. Moreover, 16, eight, seven, three, three, and three ST genes were annotated as sugar facilitator protein (SFP), sucrose transporter (SUC), polyol/monosaccharide transporter (PMT), inositol transporter (INT), plastidic glucose translocator (pGlcT), and tonoplast monosaccharide transporter (TMT) subfamilies, respectively (Table 1) . Across the maximum likelihood (ML) tree, most bootstrap values were ≥80, and eight nodes of each subfamily clade had a good bootstrap value (Supplemental Fig. S2 ). Furthermore, the NJ tree of all 66 FvST nucleotide sequences with 100 bootstrap replicates exhibited a topology that was similar to the ML topology (Supplemental Fig. S1 ). Combining both (NJ and ML) topologies analyses, the phylogenetic tree of the ST genes presents high reliability in the present study. In addition, we also compared the member numbers of subfamily among strawberry, pear (Pyrus communis L.), Arabidopsis, rice, and tomato (Solanum lycopersicum L.) (Table 2 ). Interestingly, as in Arabidopsis and tomato, STP and SFP constitute the largest subfamilies in strawberry, perhaps as a result of the repeated regions encompassed by STP and SFP genes.
Conserved Motifs and Exon-Intron Organization of Sugar Transporter Genes
It is a well-known fact that the ST domain is essential for catalysis of ST proteins. The MEME results showed a total of 10 motifs were identified in strawberry (Fig. 3) , and Motif 7 was identified on the functional domains of all 66 FvST proteins, suggesting its significance for the FvST proteins in strawberry. Further, the comparison of motifs from FvSUC and FvMST gene family suggested that there are significant differences in their number of motifs. As shown in Fig. 2 , the genes in the SUC subfamily were only contained two motifs (Motif 2 and 7). In addition, in two large MST subfamilies (STPs and SFPs), most genes possessed 10 motifs, while in other subfamilies, the motif numbers varied from seven to nine. Interestingly, Motif 1 was present on the functional domains of all 58 FvMST, but was not found in FvSUC, suggesting that the Motif 1 can play a vital role in transporting monosaccharides.
To comprehend better the structure of ST genes, the exon and intron boundaries were analyzed, which have their significant roles in the evolution of multiple gene families. The results revealed that different subfamilies contained different exon numbers, ranging from one to 40 (Fig. 4) . For instance, FvSFP gene family has more than 11 exons, however, FvINT gene family has less than 6 exons, elucidating that gain or loss of exons might occur during evolution of FvST gene family, which could lead to the functional diversity of closely-linked FvST genes. However, it was also observed that within each subfamily, based on the similar number or exons length, all genes exhibited a closely-linked gene structure.
Putative cis-Elements in FvST Gene Promoters
For each of the 27 FvST genes, a 2-kb promoter region was identified in our findings, whereas, a <2 kb promoter region for the remaining 39 FvST genes was also identified as a result of the presence of another gene located <2 kb upstream (Supplemental Data Set S1). Promoter sequence analysis by PlantCARE identified 126 different cis-elements (Supplemental Table S2 ). Bioinformatics analysis suggested these cis-elements were sensitive to different plant hormones (e.g., salicylic acid and abscisic acid), several environmental factors (e.g., dehydration and salt) and biotic stress (Supplemental Table S2 ). However, 40 cisacting elements, for example, ACE, MNF1, rbcS-CMA7a, MRE, 4cl-CMA2b, and 3-AF1 binding site, have a lightdriven transcriptional regulation, which is in consonant with the roles of STs in facilitating sugar trafficking across plant membranes. Another approach targeted unique ciselements existing in the promoter region of unique transporter genes, which might manifest expression specificity (Table 3) . Finally, 20 unique cis-elements were recognized in 15 single promoters. It is interesting to note that three unique cis-elements (CE3, GATT-motif, and Unnamed_1) out of 20 were located only in FvSTP1, and two unique cis-elements were located into each of FvSUC4, FvSTP4, and FvpGlcT3. Only one unique cis-element was present in remaining 11 FvST genes. These findings elucidated that a limited amount of gene-specific cis-elements were enriched in the promoter regions of some ST genes.
Chromosomal Localization, Gene Duplication Events, and Collinearity Analyses The genomic distribution of FvST genes on the strawberry chromosome was investigated based on the information available at GDR (https://www.rosaceae.org/) in this study. Of 66 FvST genes, 63 were on seven strawberry chromosomes, representing the unbalanced distribution (Fig. 5) . Twelve FvST genes were mapped onto the chromosome 6, while 11, 11, 10, 10, six, and three FvST genes were located on the chromosomes 2, 5, 3, 4, 1, and 7, respectively (Table  1) . Additionally, the remaining three FvST genes were on unallocated scaffolds. The FvST genes with relatively high densities were detected on the bottom and top arms of the chromosome. Subsequently, gene cluster expansion events of FvST in the strawberry genome were analyzed. The results suggested 12 FvST gene clusters reside within seven chromosomes in strawberry were observed in this study.
In terms of the sequence similarity analysis and phylogenetic relationship, we identified five pairs (e.g., FvSFP10 and FvSFP11, FvSFP1 and FvSFP2, FvSFP8 and FvSFP12, FvSFP5 and FvSFP14, and FvSFP6 and FvSFP7) of FvSFP genes from the same cluster with high protein-based sequence similarity. For example, FvSFP10 and FvSFP11 protein sequences shared 89.61% similarity, whereas, those of FvSFP1 and FvSFP2 showed 63.24% similarity, respectively. Among the genes encoding FvSFP with a high homology level, five pairs of FvSFP genes cluster in chromosome 6 have clear relatives in the strawberry genome, indicating that their evolution from gene duplication events. Additionally, SFP subfamily was only mapped onto chromosomes 2, 4, and 6 with 16 ST genes, and 10 FvSFP genes were concentrated on the chromosome 6. The WGD, segmental, and tandem duplications play crucial roles in the generation of new members during gene evolution process. Hence, to gain insights into the evolution mechanism of the FvST gene family, both segmental and tandem duplication were investigated in this experiment. The results revealed one segmental duplication pair of FvST (FvTMT2 and FvTMT3) were identified in strawberry genome (Fig. 6) . Moreover, the syntenic relationship in strawberry genome was also performed to elucidate the evolution and origin dynamics of strawberry ST genes and observed that seven gene pairs have syntenic relationship in FvST gene family (Fig. 7) . The syntenic genes included: mrna13020.1-v1.0-hybrid (FvTMT2)/mrna08543.1-v1.0-hybrid (FvSTP17), 
Expression Patterns of FvST Genes in 23 Different Tissues and Organs
To study the spatial and temporal expression patterns of strawberry ST genes, the data was retrieved from a global transcriptomic atlas, which comprised of 23 different organs and tissues (Kang et al., 2013) . In this study, the expression patterns of 31 FvST genes were analyzed in the strawberry global gene expression atlas, which owns microarray analysis-based 23 different tissues and organs (Supplementary Table S3 ). As shown in Fig. 8, FvPMT5   Fig. 2 . Phylogenetic analysis of strawberry sugar transporter (ST) nucleotide sequences. The presented phylogenetic tree generated from CLUSTAL alignment of nucleotide sequences using the neighbor-joining method. The subfamilies were designated through comparative analysis with Arabidopsis. The eight classes are marked by different colors. Different shapes and colors represent different motifs. SH1-10 represents motifs 1-10. had the highest expression level in ghosts. The FvSFP1, 3, 5, 7, 13 , and 14 transcripts were abundant in ovule1 and wall1 and wall2 and weak in embryos. FvSFP11 showed preferential expression levels in cortex5, pith1, pith4, and pith5. FvSFP12 had higher expression in ghost3 than in other tissues and organs. FvSFP16 showed preferential expression levels in pith1 and pith2. FvSTP2 and FvSTP11 showed approximate expression levels in all 23 tissues and organs. However, high expression of FvSTP12 was observed in ovule1, seed2, and ghost3. Similarly, FvSTP19 had higher expression in embryo3, embryo4, embryo5, and ghost4 than in other tissues and organs. FvSTP22 was highly expressed in ghost3 ghost4, and wall1. FvSTP23 showed preferential expression levels in ghost3, ghost4, and wall5. In addition, FvSTP3 had higher expression in wall1, wall3, wall4, and wall5 when compared with that of other tissues, and organs. FvSUC1 showed preferential expression levels in embryo3, embryo4, embryo5, and ghost3; on the other hand, FvSUC2 was upregulated in ovule1, seed2, and ghost3. Meanwhile, FvSUC3 and FvSUC4 showed approximate expression levels in all 23 tissues and organs. FvTMT2 also showed higher expression in ghost3, ghost4, wall3, and wall4 than in other tissues and organs.
Verification of FvST Gene Expression by qRT-PCR
To gain insight into the potential roles of FvST genes, the qRT-PCR analysis was employed to detect the transcriptional variations of selected candidate genes during strawberry vegetative organs and fruit developments. The results revealed that the expression level of FvSUC1, FvSUC7, FvSTP1, and FvSTP20 was higher in the stem tissue than other selected organs (leaf, flower, and root); besides, FvSFP5, FvPMT4, FvVGT1, and FvVGT2 showed higher expressional values in root than leaf, stem, and flower organs. Moreover, the FvSUC3, FvSTP6, FvSTP12, and FvPMT1 were detected in all vegetative organs and highly expressed in leaf. Similarly, FvSTP24 and FvSTP15 were detected in all examined strawberry organs; however, they had higher expression in flower than in stem, leaf, and root. Likewise, the six FvST genes (FvINT1, FvINT3, FvpGlcT1, FvpGlcT2, FvTMT1, and FvTMT3) were detected at a very low level in root, stem, leaf, and flower organs (Fig. 9) .
For the FvSUC family, FvSUC1 had lowest expression level at 20 DAF than other developmental stages and revealed a declined trend toward fruit maturity. FvSUC3 transcript was increased from 3 to 8 DAF but declined afterward as fruit matured. However, FvSUC7 transcript exhibited a continuous increasing trend toward fruit maturity. Fig. 3 . Sequence logos for 10 motifs of sugar transporter (ST) domains using the MEME program. MEME motifs are displayed by stacks of letters at each site. The total height of the stack is the 'information content' of that site in the motif in bits. The height of each letter in a stack is the probability of the letter at that site multiplied by the total information content of the stack. The x-axis represents the width of the motif and the y-axis represents the bits of each letter.
In FvSTP subfamily, the expressional value of FvSTP1 was higher at 8 DAF. Though, both FvSTP6 and FvSTP24 also presented higher values at 8 DAF but then declined as fruit proceeds toward maturity. Moreover, the expression level of FvSTP12 and FvSTP16 revealed constant increment toward fruit ripening. Besides the expression of FvSTP20 exhibited a varying trend as slightly decreased from 3 to 5 DAF and increased from 5 to 16 DAF then declined at 20 DAF. For the FvSTP subfamily, the transcripts encoding FvSFP1, FvSFP5, and FvSFP15 showed highest expression level at 8 DAF. FvSFP10 transcript showed persistent upregulation from 3 to 11 DAF and then decreased progressively toward fruit maturation.
For the FvPMT subfamily, the FvPMT1 presented high expression level at 5, 8, and 11 DAF. The expression of FvPMT4 decreased slightly decreased from 3 to 5 DAF and then gradually increased from 5 to 8 DAF, and finally displayed a continuous decrease toward fruit maturation. The FvPMT6 transcript showed a continuous increase in its expression level toward fruit maturity. For the FvINT subfamily, the trend of the relative expression of the two FvST genes (FvINT1 and FvINT3) are consistent, first showing a decline, then an increase, and finally a decline. For the FvpGlcT subfamily, FvpGlcT1 remained unchanged from 3 to 11 DAF and showed upregulation from 11 to 20 DAF. FvpGlcT2 upregulated from 3 to 16 DAF then decreased. For the FvTMT subfamily, FvTMT1 and FvTMT3 were both upregulated from 3 to 16 DAF then markedly decreased at 20 DAF. For the FvVGT subfamily, FvVGT1 was higher at 11 DAF than other stages, FvVGT2 was upregulated from 3 to 8 DAF and then was slightly increased from 8 to 16 DAF but further decreased markedly at 20 DAF.
DISCUSSION
Identification and Phylogenetic and Structural Analysis of the FvST Gene Family in Strawberry
Sequencing is a dedicated technology for genome analysis that enriches the information of genome sequence and gains insights into genome organization, genetic variation, and different gene expression and explores the transcriptional regulations ranging from transcription factor (TF)-binding sites to three-dimensional verification of chromosomal locations (Shulaev et al., 2011; Sánchez-sevilla et al., 2017). The genome-wide RNA-Seq profiling of strawberry provides a wealth of invaluable information to explore the functional diversity of the FvST gene family from numerous aspects (Shulaev et al., 2011 ). In the current study, 66 FvSTs were identified in the strawberry translated genome, of which eight FvSTs belonging to SUC family, indicating that SUC is a small family among FvST gene family. Similar results were also discovered in other plants, for instance, five SUCs were authenticated in rice (Aoki et al., 2003) , six in pear (Li et al., 2015) , four in grapevine (Afoufa-Bastien et al., 2010) , and three in tomato (Reuscher et al., 2014) . Moreover, 58 were putative FvMST genes, indicating that the number of MST members in strawberry is larger than in Arabidopsis (53 genes), and tomato (49 genes) (Reuscher et al., 2014) is lower than in grapevine (61 genes) (Afoufa-Bastien et al., 2010) and rice (65 genes) (Johnson and Thomas, 2007) . The motifs and phylogenetic analysis of the FvMST proteins displayed seven different subfamilies (Fig. 2) . Similar findings have also been reported in Arabidopsis, tomato, grape, and rice (Johnson et al., 2006 , Afoufa-Bastien et al., 2010 , Reuscher et al., 2014 indicating that category of FvMST gene family was authentic. Figure 2 revealed that different subfamilies have some conserved domains, elucidating that same subfamilies had the same function under normal conditions because of analogous conserved domains.
Role of cis-Elements in the Transcriptional Regulation of Strawberry Sugar Transporter Genes
Cis-elements are essential transcriptional gene regulatory units involved in the molecular regulation of dynamical networks of genes governing multiple biological processes and environmental stresses (Ibraheem et al., 2010) . In term of cis-acting elements sequences, the promoters of FvST genes have highly repetitive regions and several common motifs. In this study, at least 40 cis-acting elements (ACE, Box 4, Box I, G-Box, MRE, etc.) are required for light-driven transcriptional regulation. Additionally, the occurrence of the cis-element (circadian) indicates the significance of circadian regulation in FvST genes expression. Among them, DNA binding with one finger (AAAG-motifs) may play a crucial role not only in terms of response specificity by combinatory control, but also in the regulation of gene expression based on the FvST activities. A similar study in Arabidopsis (AtSUC2) have depicted that expression of which in the companion cells was regulated by close cooperation of binding sites from activation of DOFCOREZM protein and HD-Zip TF (Schneidereit et al., 2008) . Previous studies have highlighted that numerous transporter gene promoters have amounts of sugar-responsive elements, depicting that sugars are responsible for their transcriptional regulation. For instance, the VvHT1 promoter has numerous sugar-responsive elements and transcriptionally regulated by glucose (Atanassova et al., 2003 , Conde et al., 2006 . Another corresponding approach revealed the presence of unique cis-elements in the promoter region of only one ST gene, thus inferring some expression specificity. Some unique cis-elements were depicted by a length of their sequences (8-13 bases) but usually lacking any nucleotide variability. Intriguingly, of the 20 cis-elements, four were found only in the FvSUC4 promoter, followed by three in FvSTP1, two in FvpGlcT3, and only one in FvSUC2, FvSTP7, FvSTP8, FvSTP13, FvSTP14, FvSTP24, FvSFP1, FvSFP7, FvpGlcT1, FvVGT2, and FvPMT6 . These findings have confirmed that a few gene-specific cis-elements are enriched in the ST genes promoter regions, for instance, out of 66 ST genes, sucrose transporter gene (FvSUC4) is the only one, representing four unique cis-elements (3-AF3 binding site, TGA-box, CAG-motif, motif IIb) in its promoter.
Some Sugar Transporter Genes Originateing from Duplications
Gene duplication is well known to be the initial dynamic force of new functions in the phylogeny of genomes and genetic systems, which is one of the main evolutionary mechanisms further leading to the speciation and divergence (Lynch, 2000; Moore and Purugganan, 2003) . In the current investigations of the strawberry genome, 66 FvST genes were further categorized into eight different subfamilies and mapping in seven chromosomes or some scaffolds (Table 1 , Fig. 2 ). Based on segmental and tandem duplication analysis, 12 FvST genes were assigned to WGD and segmental duplication blocks, whereas, one FvST gene was assigned to tandem duplication. These findings suggested that during the evolutionary process, some FvST subfamilies have increased rapidly, such that segmental duplication is the major mechanism for FvST genes expansion followed by tandem duplication. In soybean [Glycine max (L.) Merr.], the WRKY TF exhibited the same phenomenon, whereas most of the WRKY genes arose through segmental duplication followed by tandem duplication (Yin et al., 2013) , which is consistent with our findings. In contrast, Johnson and Thomas (2007) found more tandem duplicated genes than segmental duplicated genes in MST gene family of Arabidopsis and rice. For instance, the PMT and STP subfamilies are greatly expanded, with tandem duplications in rice accounting for 10 and 14 of those subfamily members, respectively (Li et al., 2015) . Moreover, the PMT and STP subfamilies vary significantly in their size between vascular and nonvascular lineages, indicating that the expansion of both subfamilies could be associated with evolution mechanism of vascular plants and have boosted the significance of FvSTs in vascular plants (Johnson et al., 2006) .
Expression Analysis of the Sugar Transporter Gene Family in Strawberry during Vegetative Organs and Fruit Development
The expression analysis of ST gene family of strawberry in both vegetative and reproductive (during development) organs was performed to identify the most important STs. The transcript data revealed that 31 FvST genes were expressed in 23 organs and tissues (Kang et al., 2013) . Sucrose is a major phloem-translocated photosynthetic product in most plants (Shiratake, 2007; Lemoine, 2000) . However, some plants also synthesize other carbohydrates apart from sucrose in source leaves, such as polyols. Polyols, with low molecular weight and highly soluble nonreducing characteristics, are suitable as translocating compounds. Sorbitol, an important polyol, is major phloem component in many species of the Rosaceae family {e.g., apple, peach [P. persica (L.) Batsch], pear, apricot (P. armeniaca L.), and sour cherry}. Although sorbitol is of great significance in Rosaceae species, the precise mechanism for loading of sorbitol in phloem is still unclear (Noiraud et al., 2001) . In previous reports, two PMT genes encoding PmPMT1 and PmPMT2 isolated from common plantain (Plantago major L.) have been reported to transport sorbitol, which are localized specifically in companion cells of leaf (source) phloem and are vital for loading of sorbitol in the phloem (RamspergerGleixner et al., 2004) . Likewise, six AtPMT genes were identified in Arabidopsis and described as pentose, polyol, and nonspecific hexose transporters with diverse expression in different tissue (Klepek et al., 2005 , Reinders et al., 2005 . Additionally, numerous sorbitol transporters were also identified in some Rosaceae species, such as PcSOT1 and PcSOT2, with high expression level were isolated in sour cherry fruits (Gao et al., 2003) . Also, three sorbitol transporter (MdSOT3-MdSOT5) genes were identified from leaves of apple (Watari et al., 2004) . All these findings in Rosaceae species suggested the importance of the PMT subfamily in long-distance transport of sorbitol from source (leaves) to sink (fruits) tissues. In our study, four PMT genes (FvPMT1, FvPMT3, FvPMT5, and FvPMT7) were differentially expressed in 23 different tissues (Fig. 8) . Moreover, the correlation analysis showed that some of 24 genes exhibited a significant (<0.05) or highly significant (<0.01) correlation with soluble sugar and starch concentrations (Table 4 ). The expression levels of FvPMT6 had highly significantly positive correlation with sorbitol concentrations (r = 0.937, p < 0.01) in strawberry fruit (Table 4) . Therefore, FvPMT6 can be deliberated as an imperative marker genes for controlling sorbitol accumulation and transport of strawberry fruit.
The INT transport proteins are regarded as H + symporters of inositols. In tomato, the SlINT4 were expressed in analyzed tissues, apart from fruits, 3 and 21 DAP (Reuscher et al., 2014) . So far, no physiological role for INT proteins has been reported. In the present study, the correlation analysis showed the expression levels of FvINT1 had significantly negative correlation with soluble sugar (glucose, sorbitol, and starch) concentrations (Table 4) . In olive trees, one pGlcT protein was reported to be expressed during fruit development (Butowt et al., 2003) . In tomato, SlpGlcT1 was expressed in all tissues except fruits 3 DAP. The expression of SlpGlcT2 and SlpGLcT3 were detected at several stages during fruit development, with SlpGlcT3 showing strong expression at 7 DAP (Reuscher et al., 2014) . In the orange [Citrus sinensis (L.) Osbeck], CspGlcT2 and CspGlcT4 were upregulated as fruit ripened (Zheng et al., 2014) . Two strawberry pGlcT proteins (FvpGlcT1 and FvpGlcT2) were identified and expressed at stages during strawberry fruit development. The correlation analysis showed the expression levels of FvpGlcT1 had significantly positive correlation with glucose concentrations (r = 0.924, p < 0.01) in strawberry fruit (Table 4) . Therefore, FvpGlcT1 also can be deliberated as an imperative marker gene for controlling glucose accumulation and transport of strawberry fruit.
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